Exploring galaxy colour in different environments of the cosmic web with
  SDSS by Pandey, Biswajit & Sarkar, Suman
MNRAS 000, 1–16 (2020) Preprint 8 September 2020 Compiled using MNRAS LATEX style file v3.0
Exploring galaxy colour in different environments of the
cosmic web with SDSS
Biswajit Pandey1? and Suman Sarkar1†
1 Department of Physics, Visva-Bharati University, Santiniketan, Birbhum, 731235, India
8 September 2020
ABSTRACT
We analyze a set of volume limited samples from the SDSS to study the dependence
of galaxy colour on different environments of the cosmic web. We measure the local
dimension of galaxies to determine the geometry of their embedding environments
and find that filaments host a higher fraction of red galaxies than sheets at each
luminosity. We repeat the analysis at a fixed density and recover the same trend which
shows that galaxy colours depend on geometry of environments besides local density.
At a fixed luminosity, the fraction of red galaxies in filaments and sheets increases
with the extent of these environments. This suggests that the bigger structures have
a larger baryon reservoir favouring higher accretion and larger stellar mass. We find
that the mean colour of the red and blue populations are systematically higher in
the environments with smaller local dimension and increases monotonically in all the
environments with luminosity. We observe that the bimodal nature of the galaxy colour
distribution persists in all environments and all luminosities, which suggests that the
transformation from blue to red galaxy can occur in all environments.
Key words: methods: statistical - data analysis - galaxies: formation - evolution -
cosmology: large scale structure of the Universe.
1 INTRODUCTION
The present Universe is full of galaxies which come in var-
ious shape and size with different mass, luminosity, colour,
star formation rate, metallicity and HI content. Understand-
ing the galaxy properties and their evolution is an impor-
tant goal of cosmology. The modern galaxy surveys (2dF-
GRS,Colless et al. 2001; SDSS, Strauss et al. 2002) reveal
that the galaxies are distributed in the cosmic web (Bond et
al. 1996) which is an interconnected weblike network com-
prising of different types of environments such as filaments,
sheets, knots and voids. The galaxy properties vary across
the different environments in the cosmic web. For example,
the well known density-morphology relation reveals that the
ellipticals are preferably found inside the dense groups and
clusters whereas the spirals are intermittently distributed in
the fields (Hubble 1936; Zwicky 1968; Oemler 1974; Dressler
1980; Goto et al. 2003). These findings are further sup-
ported by other studies with two-point correlation function
(Willmer, da Costa, & Pellegrini 1998; Brown, Webstar, &
Boyle 2000; Zehavi et al. 2005), genus statistics (Hoyle et
al. 2002; Park et al. 2005) and filamentarity (Pandey &
Bharadwaj 2005, 2006) of the galaxy distribution. It is now
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well known that many other galaxy properties are strongly
sensitive to their environment (Davis & Geller 1976; Guzzo
et al. 1997; Zehavi et al. 2002; Hogg et al. 2003; Blanton
et al. 2003; Einasto, et al. 2003a; Kauffmann et al. 2004;
Mouhcine et al. 2007; Koyama et al. 2013). The formation
and evolution of galaxies are known to be driven by ac-
cretion, tidal interaction, merger and various other secular
processes. These physical processes are largely determined
by the environment of the galaxies. The environment thus
play a central role in the formation and evolution of galax-
ies and the study of the environmental dependence of the
galaxy properties provides crucial inputs to the theories of
galaxy formation and evolution.
A number of studies have been carried out to under-
stand the environmental dependence of galaxy colour. The
galaxy colour distribution is well fit with a double Gaussian
distribution (Balogh, et al. 2004) which can be used to di-
vide the galaxies into red and blue populations. It has been
shown that the blue galaxies reside preferentially in low-
density regions whereas the red galaxies inhabit the high-
density regions (Hogg, et al. 2004; Baldry, et al. 2004; Blan-
ton, et al. 2005; Ball, Loveday & Brunner 2008). Park, et al.
(2007) find that the galaxy colour is not sensitive to local
density at fixed luminosity and morphology. Balogh, et al.
(2004) show that when the luminosity is fixed, the fraction
of galaxies in the red population is a strong function of local
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density. Cooper, et al. (2010) find a highly significant corre-
lation between stellar age and environment at fixed stellar
mass for the red galaxies. Bamford et al. (2009) find that the
galaxy colour is highly sensitive to environment at a fixed
stellar mass. They reported that irrespective of morphology,
the high stellar mass galaxies are mostly red in all environ-
ments whereas the low stellar mass galaxies are mostly blue
in low density environment and red in high density environ-
ment.
Most of these studies use the local density as a proxy
for the environment. Different methods are often used to de-
fine the environment based on the scale being probed (Mul-
drew, et al. 2012). The various environments of the cosmic
web are characterized by the density as well as their geome-
try. The clusters represent the densest regions in the cosmic
web followed by the filaments, sheets and voids. The galaxy
clusters are the dense knots which reside at the intersec-
tion of elongated filaments. The filaments in the cosmic web
are located at the intersection of sheets which encompass
large empty regions or voids. Studies with N-body simula-
tions (Aragón-Calvo, et al. 2010; Cautun, et al. 2014; Ra-
machandra & Shandarin 2015) suggest that matter succes-
sively flows from voids to walls, walls to filaments and then
channelled along the filaments onto the clusters. The dark
matter halos formed at various environments of the cosmic
web are known to have different mass, shape and spin due
to the influence of their large-scale environment (Hahn et
al. 2007). The galaxies are assumed to form at the centre
of these dark matter halos via cooling and condensation of
baryons (White & Rees 1978). In the halo model, the mass
of the dark matter halo is believed to be the single most
important parameter which determines the properties of a
galaxy (Cooray & Sheth 2002). However the clustering of the
dark matter halos depend on their assembly history (Cro-
ton, Gao & White 2007; Gao & White 2007; Musso, et al.
2018; Vakili & Hahn 2019) besides their mass. This implies
that the environmental dependence of the galaxy proper-
ties may extend beyond the local density and the large-scale
environments in the cosmic web may impart significant in-
fluence on the formation and evolution of galaxies. However
there are no universal measure for characterizing the large-
scale environments in the cosmic web. Some of the existing
statistical tools designed for this purpose are the Shapefind-
ers (Sahni et al. 1998), the statistics of maxima and saddle
points (Colombi, Pogosyan & Souradeep 2000), the multi-
scale morphology filter (Aragón-Calvo et al. 2007), the skele-
ton formalism (Novikov et al. 2006) and the local dimension
(Sarkar & Bharadwaj 2009).
In the present work, we use the local dimension (Sarkar
& Bharadwaj 2009) to quantify the different environments
in the cosmic web. A recent analysis with local dimen-
sion find that the sheets are the most prevalent pattern
in the SDSS galaxy distribution which can extend up to
90h−1 Mpc (Sarkar & Pandey 2019). They also show that
the straight filaments extend only up to a length scale of
30h−1 Mpc. The different structural components of the cos-
mic web differ in density, morphology and size. Each of these
components provides an unique environment for galaxy for-
mation and evolution. The role of the large-scale environ-
ment in this context is not yet settled. Luparello et al. (2015)
find that the properties of the brightest group galaxies in
the SDSS depend on their embedding large-scale structures.
Using SDSS, Scudder et al. (2012) find that the star for-
mation rates in isolated groups and the groups embedded
in superstructures are significantly different. Yan, Fan &
White (2013) analyze the SDSS data to find that the tidal
environment of large scale structures do not influence the
galaxy properties. Eardley, et al. (2015) studied the lumi-
nosity function in different environments using GAMA sur-
vey and find no evidence of the influence of environments
beyond local density. Recently, Lee (2018) show that the el-
liptical galaxies in the sheetlike environment dwell in the
regions with the highest tidal coherence. Pandey & Sarkar
(2017) analyze the Galaxy Zoo (Lintott et al. 2008) data
using information theoretic measures to find that morphol-
ogy and environment exhibit a synergic interaction up to a
length scales of ∼ 30h−1 Mpc.
The Sloan Digital Sky Survey (SDSS) is the largest
spectroscopic and photometric galaxy redshift survey to
date. It provides an unprecedented view of the cosmic web
by precisely mapping millions of galaxies in the nearby Uni-
verse. In the present work, we analyze the spectroscopic data
from the SDSS DR16 (Ahumada, et al. 2019). The primary
aim of the present work is to identify the galaxies in different
environments of the cosmic web using local dimension and
explore the variations of red and blue galaxy fractions and
their average colours across these environments. This would
reveal how the galaxy colour is influenced by the different
environments in the cosmic web. We study how the red and
blue fractions vary in different geometric environments. We
carry out the same analysis at a fixed local density to see
if geometry of environments have any role in deciding the
colours of galaxies. We also study the variations of red and
blue fractions across different environments characterized by
their local denisty. Besides density and geometry, the size of
the different structural components of the cosmic web may
also play a role in shaping the colour of a galaxy. We ad-
dress this by measuring the red and blue fractions across
different environments with increasing length scales keep-
ing the luminosity of the galaxies fixed. We also study the
bimodal nature of the colour distribution across different
environments at different luminosities and examine how the
mean and dispersion of galaxy colour are sensitive to these
parameters. The analysis presented in this work would help
us to understand the environmental factors besides the local
density which may influence the colour of galaxies.
We use a ΛCDM cosmological model with Ωm0 = 0.305,
ΩΛ0 = 0.695 and h = 0.674 to calculate distances from red-
shifts throughout the analysis.
A brief outline of the paper is as follows. The method of
analysis and the data are described in Section 2 and Section
3 respectively. The results of the analysis are discussed in
Section 4 and we present our conclusions in Section 5.
2 METHOD OF ANALYSIS
We use the local dimension to isolate the galaxies residing
in different geometric environments of the cosmic web. We
count the number of galaxies N(<R) within a sphere of ra-
dius R centered on each galaxy. The radius of the sphere is
varied within a specific range R1 ≤ R ≤ R2 and the num-
ber counts N(< R) are measured for a number of different
radius R at equally spaced interval of 0.5h−1 Mpc within
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Figure 1. This figure shows the definition of the volume limited samples (Table 2) in the redshift-absolute magnitude plane.
this range. Only the galaxies for which all the spheres with
radius in this range remain completely inside the survey
boundary are treated as valid centres. For any volume lim-
ited galaxy sample this would be possible for only a subset
of galaxies and the number of classifiable galaxies would de-
crease with increasing R2. In the present analysis we choose
R1 = 5h−1 Mpc and then gradually increase R2 in steps of
5h−1 Mpc up to the radius of the largest sphere that would
fit inside the survey region.
The galaxies are embedded in different geometric envi-
ronments in the cosmic web and the number count N(<R)
around a galaxy is expected to scale as,
N(<R) =ARD (1)
where A is a constant and the exponent D is the local di-
mension (Sarkar & Bharadwaj 2009). The local dimensionD
tells us about the geometry of the embedding environment
within a length scale range R1h−1 Mpc≤R≤R2h−1 Mpc.
We consider only the centres for which there is at least 10
galaxies within this radius range. For each centres, We ob-
tain the best fit values of A and D using the least-square
fitting. We calculate the associated χ2 values using the ob-
served and the fitted values of N(< R). Only the galaxies
for which the chi-square per degree of freedom χ
2
ν ≤ 0.5 are
considered in the present analysis. Ideally one would expect
D= 1 for galaxies residing in filaments, D= 2 for the galax-
ies residing in sheets and D = 3 for the galaxies residing in
a three dimensional volume. However the size and shape of
these structures vary considerably within the cosmic web.
Besides there would be galaxies in the intermediate envi-
ronments (e.g. junction of a sheet and a filament). In this
case the measuring sphere would incorporate multiple type
of structures within it. We classify the environment of a
galaxy in five different classes (Table 1) depending on their
local dimension. We assign a specific range of local dimen-
sion to each class. The galaxies in class D1 are residing in
filaments. These galaxies will primarily represent the middle
parts of the straight filaments, which are not closer to the
nodes. The D1-type galaxies may also represent short ten-
drils of galaxies which are found to link filaments together
and penetrate into voids as coherrent structures (Alpaslan
et al. 2014). The D2 type galaxies are embedded in sheets.
The D3 type galaxies are mostly field galaxies in the low
density regions. The D1.5 type galaxies have intermediate
local dimension between filaments and sheets whereas D2.5
galaxies have local dimension in between sheets and fields.
The environment of a galaxy as indicated by its local dimen-
sion would depend on the length scales under consideration.
We isolate the galaxies in different environments and
segregate them into red and blue populations in each en-
vironment based on their u− r colour. We use an optimal
colour cut (u−r) = 2.22 prescribed by Strateva, et al. (2001)
to classify the red and blue galaxies. The galaxies with
u− r < 2.22 are identified as blue whereas the ones with
u− r ≥ 2.22 are termed as red. We use the observed colour
for simplicity keeping in mind the similar redshift range of
the volume limited samples used in this work.
Red galaxies are known to reside in relatively denser
environments. We also consider the effects of local density
on the fraction of red and blue galaxies. We would like to
test if the effects of environment extend beyond the local
density and whether morphology of large scale structures
play any role in deciding the colours of galaxies.
The local density at each galaxy position is estimated
by using kth nearest neighbour method (Casertano & Hut
1985). In this method, the local number density is defined
as,
nk =
k−1
V (rk)
(2)
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where the kth nearest neighbour distance to the galaxy is rk
and V (rk) = 43pir
3
k. We choose k= 5 for the present analysis.
We classify the galaxies into five different categories based
on the local density at their locations. The criteria for each
density class are provided in Table 3.
We calculate the fraction of red and blue galaxies in
each geometric environment on different length scales for
each of the volume limited samples described in the next sec-
tion. We prepare 10 jackknife samples from each volume lim-
ited sample to estimate the errorbars for our measurements.
Each jackknife sample is prepared by randomly deleting 25%
galaxies from the original sample.
3 DATA
3.1 SDSS data
The Sloan Digital sky survey (SDSS) is a multi band imaging
and spectroscopic redshift survey which covers more than
one third of the celestial sphere. We use the Main galaxy
sample for the present analysis. The spectroscopic target se-
lection for the Main galaxy sample is described in Strauss
et al. (2002). The photometric camera used in SDSS is de-
scribed in Gunn et al. (1998). Fukugita et al. (1996) describe
the photometric system used in the survey. The collection of
data for the Main Galaxy sample was completed by SDSS
DR7 (Abazajian et al. 2009). We use data from the 16th
data release (Ahumada, et al. 2019) of the Sloan Digital
sky survey (SDSS). SDSS DR16 is the fourth and final data
release of SDSS IV which incorporates data from all the
prior data releases. We download the data from the SDSS
SkyServer 1 using Structured Query Language (SQL). For
the present analysis, we select a contiguous region of the
sky which spans 0◦ ≤ δ ≤ 60◦ and 135◦ ≤ α≤ 225◦ where α
and δ are the right ascension and declination respectively.
We select all the galaxies with r-band Petrosian magnitude
13.5≤ rp< 17.77 and redshift z < 0.3. These cuts provides us
a total 376495 galaxies. We then construct three volume lim-
ited samples (Figure 1) by applying cuts to the K-corrected
and extinction corrected r-band absolute magnitude. The
properties of these volume limited samples are described in
detail in Table 2.
We apply the method described in the previous section
to identify the galaxies in different environments in each of
these volume limited samples. The exact number of galax-
ies classified in different classes at three different values of
R2 are tabulated in Table 4 for the three volume limited
samples.
3.2 MultiDark simulation data
The three dimensional distribution of SDSS galaxies are ob-
tained from their spectroscopic redshifts. The redshifts are
perturbed by peculiar velocities of galaxies which distort
their clustering pattern in redshift space (Kaiser 1987). We
would like to quantify the effects of redshift space distortions
on local dimension using mock samples from N-body simu-
lations. We prepare a set of mock samples for the Sample 2
1 https://skyserver.sdss.org/casjobs/
(Table 2) using data from the cosmosim project2. The Mul-
tiDark Planck 2 (MDPL2) simulation is part of a number
of simulations (Klypin, et al. 2016) based on cosmological
parameters from Planck. The simulation is executed with
38403 dark matter particles in a cube of size 1000h−1 Mpc,
starting from redshift 120. The mass resolution of the simu-
lation is 1.5×109h−1M. The values of the cosmological pa-
rameters used in the simulation are H0 = 67.77, Ωm = 0.307,
ΩΛ = 0.693, Ωb = 0.048, n = 0.96 and σ8 = 0.82. We have
used the ROCKSTAR catalogue (Behroozi, Wechsler & Wu
2013) of MDPL2. We use a SQL query to retreive the po-
sition and velocities of the dark matter particles in snap-
shot 125 (z = 0). We place the observer at each corners of
the cube and randomly select 104137 particles from each
of these non-overlapping regions to prepare 8 mock samples
which have exactly identical geometry as Sample 2. We pre-
pare the mock samples both in real space and redshift space.
The mock samples in redshift space are constructed by com-
puting redshifts of galaxies from their distances in real-space
and peculiar velocities. We analyze these mock samples in
the same way as the actual data .
4 RESULTS
4.1 Variations of environments with length scale
The different environments of the cosmic web have different
characteristic size and their abundance would depend on the
length scales probed. We first quantify the number of clas-
sifiable galaxies in each type of environment. The top three
panels of Figure 2 show the number of classified galaxies in
different types of environment as a function of length scale in
Sample 1, Sample 2 and Sample 3. The respective fraction
of galaxies available at each type of environment on each
length scale for the three volume limited samples are shown
in the bottom three panels of the same figure. We choose
R1 = 5h−1 Mpc and then increase R2 in uniform steps of
5h−1 Mpc starting from R2 = 10h−1 Mpc. The number of
classifiable galaxies in each sample is expected to decrease
with increasing R2 due to their finite size.
In the bottom three panels of Figure 2, we find that
the galaxies live in diverse environments on small scales. In
each of the three volume limited samples, nearly ∼ 60−70%
galaxies reside in filaments and sheets when the environment
is characterized within a length scale of 10− 30h−1 Mpc.
The D1 type environments are mostly associated with the
straight filaments which extend only up to ∼ 30h−1 Mpc in
these samples. The galaxies which are part of the curved
or warped filaments would be mostly represented by the
D1.5 type galaxies. We find that the D1.5 type environ-
ment extends up to ∼ 50h−1 Mpc. The fraction of D1 and
D1.5 type galaxies steadily decrease with increasing length
scales. The D2 type galaxies reside in sheets which are the
most abundant environment within a scale of ∼ 30h−1 Mpc.
The abundance of sheet peaks around 20− 30h−1 Mpc in
all three volume limited samples. The fraction of galaxies
in sheetlike environment decreases with increasing length
scales and only ∼ 10− 20% galaxies are part of sheetlike
structures at 70h−1 Mpc. No galaxies are found to be a part
2 https://www.cosmosim.org/
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Table 1. This table shows the classification of the five types of galaxy environment based on their local dimension.
Local dimension : 0.75≤D < 1.25 1.25≤D < 1.75 1.75≤D < 2.25 2.25≤D < 2.75 D ≥ 2.75
Classified as: D1 D1.5 D2 D2.5 D3
Table 2. This table summarizes the three volume limited samples extracted from SDSS DR16.
Volume Absolute Number of Number Mean inter-galactic Radial
limited magnitude Redshift (z) galaxies density separation size
samples (Mr) ( h3Mpc−3 ) (h−1Mpc) (h−1Mpc)
Sample 1 −20.5≥Mr ≥−22.5 0.035≤ z ≤ 0.095 90270 9.72×10−3 4.69 174.40
Sample 2 −21≥Mr ≥−23 0.041≤ z ≤ 0.120 104137 5.61×10−3 5.63 227.93
Sample 3 −21.5≥Mr ≥−23.5 0.050≤ z ≤ 0.145 92848 2.90×10−3 7.01 271.47
Table 3. This table summarizes the five bins used for classifying the galaxies based on their local number density.
Local density class η1 η2 η3 η4 η5
Local density range ( in h3Mpc−3 ) n5 < 0.03 0.03≤ n5 < 0.06 0.06≤ n5 < 0.09 0.09≤ n5 < 0.12 n5 ≥ 0.12
of filamentary environment at this length scale. Comparison
of the results from the three volume limited samples sug-
gests that the filamentary and sheetlike environments can
be traced to a slightly larger length scales in the brighter
samples. This results from the larger number of classifiable
galaxies available at larger length scales due to the bigger
volumes of the brighter samples. At 70h−1 Mpc, 80− 90%
of the galaxies are part of D2.5 and D3 type environments
which indicates that the diversity of environment ceases to
exist on larger length scales. The fact that the local di-
mension of galaxies shift towards 3 hints towards the emer-
gence of a homogeneous network of galaxies on sufficiently
large length scales. This is consistent with the findings of
various studies on large-scale homogeneity which suggests
that the Universe is statistically homogeneous on scales be-
yond ∼ 100− 150h−1 Mpc (Yadav et al. 2005; Hogg et al.
2005; Sarkar et al. 2009; Scrimgeour et al. 2012; Nadathur
2013; Pandey & Sarkar 2015; Pandey & Sarkar 2016; Avila
et al. 2018). In Figure 3, we separately show the distribu-
tions of D1, D2 and D3 type galaxies within a cube of side
100h−1 Mpc. The left panel of Figure 3 shows that D1 type
galaxies mostly reside in short and straight filaments. The
middle panel shows that D2 type galaxies occupy sheetlike
environments which are visually most prominent. The dis-
tribution of D3 type galaxies in the right panel is nearly
homogeneous in nature.
4.2 Effects of redshift space distortions on local
dimension
We analyze mock SDSS samples from the MultiDark simula-
tions in real space and redshift space to quantify the effects
of redshift space distortions on local dimension. We com-
pute the fraction of D1.5, D2 and D3 type galaxies in the
mock SDSS samples as a function of length scale R2 in real
space and redshift space. Only a small fraction of galaxies
are found to reside in D1 type environments in these mock
samples. So we do not show the results for D1 type galax-
ies here. We compare the results in real space and redshift
space in each case. The results are shown in Figure 4. The
left, middle and right panel of Figure 4 respectively show
the fraction of D1.5, D2 and D3 type galaxies as a function
of length scale in real and redshift space. The results in red-
shift space are qualitatively similar to what we observe for
SDSS galaxies in Figure 2. The left panel of this figure sug-
gests that there is a marginal decrease in the fraction ofD1.5
type galaxies in redshift space. The same trend is also ob-
served for D1 type galaxies. This result is somewhat counter
intuitive as one would expect an enhancement of short fil-
aments in redshift space due to the ‘Finger of God’(FOG)
effect. The ‘FOG’ stretches the dense virialized groups along
the line of sight which are expected to resemble short fila-
ments. However, we do not observe any such trend with D1
or D1.5 type galaxies in our mock SDSS sample. This may
happen if the analyzed sample do not contain sufficient viri-
alized dense groups in it. Some of the short filaments with
orientations other than parallel and perpendicular to the
line of sight in real space, may not be identified as filaments
in redshift space, which causes a marginal decrease in their
abundance. In the middle panel, there is a marginal increase
in the fraction of D2 type galaxies in redshift space on small
scales. The trend reverses on large scales showing a small de-
crease in the fraction of D2 type galaxies in redshift space.
However, these differences are well within the 1− σ error
bars or very close to it. The right panel of Figure 4 shows
that the fraction of D3 type galaxies are least affected by
redshift space distortions. We also repeat the same analysis
with mock samples for Sample 3 and find analogous results.
The test with the mock samples suggests that the redshift
space distortions do not impart a statistically significant in-
fluence on the local dimension of galaxies and there are no
preferred scale in the analysis.
4.3 Variations of red and blue fractions with
geometric environment and length scale
We show the fraction of red and blue galaxies in different
environments of the cosmic web for Sample 1, Sample 2 and
MNRAS 000, 1–16 (2020)
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Figure 2. The top three and the bottom three panels of this figure respectively show the variations in the number and fraction of classified
galaxies belonging to different types of environment (Table 1) as a function of R2 for the three volume limited samples (Table 2).
Figure 3. The left, middle and right panels of this figure respectively show the distributions of D1 type, D2 type and D3 type galaxies
within a cube of side 100h−1Mpc from Sample 2. The R2 value used to calculate the local dimensions of galaxies in each case are
mentioned at the bottom of the cubes. The gradients in the colours are applied according to the distances of the galaxies from the
bottom of the cube.
Sample 3 respectively in the top, middle and bottom pan-
els of Figure 5. The left, middle and right panels at the top,
middle and bottom row of Figure 5 corresponds to three dif-
ferent length scales 10h−1 Mpc, 40h−1 Mpc and 70h−1 Mpc
respectively. Thus each row in Figure 5 corresponds to a
fixed luminosity and each column corresponds to a a fixed
length scale. The Figure 5 shows that environments with
smaller local dimension tend to host a higher fraction of red
galaxy. The red fraction at each local dimension increases
when such environments are traced on larger length scales.
There is also a clear increase in the red fraction at each
environment with increasing luminosity. The luminosity de-
pendence of red fraction is a well known phenomena. So we
do not discuss the related results in greater detail. We only
focus our attention on the dependence of red fraction on ge-
ometric environment and the length scales associated with
such environment. We find that fraction of red galaxies dom-
inates over the blue fraction at nearly each environment and
MNRAS 000, 1–16 (2020)
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Figure 4. The left, middle and right panel of this figure respectively show the fraction of D1.5, D2 and D3 type galaxies as a function
of length scale in real and redshift space. The 1−σ error bars in each case are obtained from 8 mock samples. Only the errors bars for
redshift space are shown for clarity.
Figure 5. This figure shows the fraction of red and blue galaxies in different environments of the cosmic web for different length scales
for Sample 1, Sample 2 and Sample 3 (Table 2). The 1−σ error bars at each data point are calculated using 10 Jackknife samples drawn
from each of the SDSS samples. The total number of classified galaxies at three different length scales for each of the samples are also
mentioned in the respective panels.
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Figure 6. This figure compares the corrected and uncorrected fraction of red and blue galaxies residing in sheets (D2 type) of different
size in three volume limited samples (Table 2). A galaxy can reside in a geometric environment with same local dimension on multiple
length scales. In such cases, the galaxy is considered only on the largest among these length scales. The fraction of red and blue galaxies
at different length scales are corrected by taking account the above mentioned possibility.
Figure 7. Top, middle and bottom panels of this figure show local dimension vs local density in the three volume limited samples with
different luminosity. The left, middle and right panels show results for different R2 values.
each length scale. This is not necessarily true for all galaxy
samples. We find that a reverse trend exists in fainter galaxy
samples which are not included in this analysis. However,
the decrease of red fraction with increasing local dimension
is a common trend in all galaxy samples irrespective of their
luminosity.
The Figure 5 shows that the fraction of red and blue
galaxies also depends on the length scales associated with
the environment. At a fixed luminosity and a fixed environ-
ment, the fraction of red galaxies increases with increasing
length scales. We show the fraction of red and blue galaxies
residing in sheets as a function of their size in the first 3 vol-
MNRAS 000, 1–16 (2020)
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Figure 8. The left, middle and right panels of this figure show the fraction of red and blue galaxies as a function of local density in the
three volume limited samples.
Figure 9. This figure shows the fraction of red and blue galaxies as a function of local dimension at a fixed local density. The local
dimensions shown in this figure are computed using R2 = 10h−1Mpc. The left, middle and right panels of this figure corresponds to
galaxies located at a fixed local density η1 in the three volume limited samples.
ume limited samples in Figure 6. The figure clearly shows
that there is an increase in the fraction of red galaxies and
a decrease in the fraction of blue galaxies with the increas-
ing size of these structures. It is worthwhile to mention here
that a subset of galaxies can be identified in the same type
of environment on multiple length scales. These galaxies are
part of such environment which extends at least up to the
largest among these length scales. This must be taken into
account while estimating the fraction of red or blue popula-
tions in different environments. We quantify the number of
such galaxies at each environment for all the samples. For
example, the number of such galaxies in D2 type environ-
ment for different length scales are tabulated in Table 5. This
table shows that in Sample 1, there are 181 galaxies which
reside in sheets at all three length scales i.e. 10h−1 Mpc,
40h−1 Mpc and 70h−1 Mpc. These 181 galaxies are part of
sheets extending to at least 70h−1 Mpc. Further, 2812 galax-
ies are part of sheets both at 10h−1 Mpc and 40h−1 Mpc but
not at 70h−1 Mpc. These galaxies are part of sheets which
are extended up to 40h−1 Mpc. We subtract these two num-
bers from the total number of galaxies identified in sheets
on 10h−1 Mpc. Similarly, 411 galaxies are identified in D2
type environment both at 40h−1 Mpc and 70h−1 Mpc in
Sample 1. The sheets associated with these galaxies extend
at least up to 70h−1 Mpc. We subtract this number from
the total number of galaxies found in sheets on a length
scale of 40h−1 Mpc. The red and blue fractions in D2 type
environment are also corrected in Sample 2 and Sample 3
in a similar manner. We show both the corrected and the
uncorrected fractions of red and blue galaxies in sheetlike
environment at different length scales in Figure 6. We find
that these corrections hardly make any difference to these
results.
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Figure 10. The different panels of this figure shows the distribution of observed u−r colour at different types of geometric environment
on 10h−1Mpc in three volume limited samples. The total number of galaxies identified at different environments on 10h−1Mpc for each
samples are mentioned in the respective panels. The smooth solid line in each panel represent the best fit double Gaussian describing
the observed u− r colour distribution whereas the dotted and dashed lines show the two individual components of the double Gaussian
distribution.
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Table 4. This table shows the number of classified galaxies in different geometric environments in the three volume limited samples
(Table 2) for three different values of R2.
Sample Total Number of galaxies classified at R2h−1Mpc
Name galaxies R2 = 10 R2 = 40 R2 = 70
Sample 1 90270
Total: 71634 Total: 29971 Total: 5089
D1: 6362 D1: 0 D1: 0
D1.5: 19229 D1.5: 951 D1.5: 0
D2: 21060 D2: 8464 D2: 497
D2.5: 13213 D2.5: 13037 D2.5: 3100
D3: 11770 D3: 7519 D3: 1492
Sample 2 104137
Total: 82073 Total: 41820 Total: 15053
D1: 11167 D1: 25 D1: 0
D1.5: 23630 D1.5: 1483 D1.5: 90
D2: 22479 D2: 12972 D2: 1820
D2.5: 13207 D2.5: 17749 D2.5: 8370
D3: 11590 D3: 9591 D3: 4773
Sample 3 92848
Total: 67673 Total: 43578 Total: 20212
D1: 12109 D1: 55 D1: 0
D1.5: 20717 D1.5: 2444 D1.5: 144
D2: 17177 D2: 15700 D2: 3999
D2.5: 9496 D2.5: 17519 D2.5: 11153
D3: 8174 D3: 7860 D3: 4916
Table 5. This table shows the number of galaxies which are available at sheetlike environment on multiple length scales for the three
volume limited samples.
Sample Number of D2 type galaxies which are common at R2 =
Name 10 and 40h−1Mpc 10, 40 and 70h−1Mpc 40 and 70h−1Mpc
Sample 1 2812 181 411
Sample 2 3352 568 1219
Sample 3 3126 1084 2890
4.4 Comparing effects of density and geometry of
environments on the red and blue fractions
Galaxy colour is known to be sensitive to local density. Gen-
erally sheets are denser than fields and filaments are denser
than sheets. So the dependence of red and blue fractions on
the geometry of large-scale environment shown in Figure 5
may partly arise due to dependence of galaxy colour on local
density. We need to decorrelate the effect of local density in
order to test the role of large scale structures on galaxy
colours. We address this issue by calculating local num-
ber density of galaxies using kth nearest neighbour method
(Casertano & Hut 1985). We compute the local number den-
sity using Equation 2 with k = 5. We plot the local density
against the local dimension of galaxies in three different vol-
ume limited samples in Figure 7. The top left, middle left
and bottom left panels of Figure 7 show the relations be-
tween local dimension and local density for the three vol-
ume limited samples when local dimensions are computed
using R2 = 10h−1 Mpc. The results in these panels show
that the environments with larger local dimension indeed
tend to have a lower local density. However these relation-
ships show very large scatters. The environments with local
dimension up to D= 2.5 can have a wide range of local den-
sities and it is difficult to assign a specific density range to
the environments with different local dimension. The three
panels in the middle column and three panels in the right
column of Figure 7 show the relations between local density
and local dimension in these samples for R2 = 40h−1 Mpc
and R2 = 70h−1 Mpc. They show a similar trend as seen in
the three panels in the left column of the same figure. It
may be noted that galaxies with smaller local dimension are
progressively absent when the geometry of environments are
characterized on larger length scales. This points out to the
emergence of a homogeneous network of galaxies on larger
length scales as mentioned earlier.
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Figure 11. This figure shows the best fit values of the means µ1 and µ2 in Equation 3 as a function of local dimension in three volume
limited samples. We fit the double Gaussian (Equation 3) to the observed u−r colour distribution. The errors shown at the data points
are the standard errors for the fitted values of mean. The standard errors are very small here which are hardly visible in this plot.
Figure 12. This figure shows the best fit values of the standard deviations σ1 and σ2 in Equation 3 as a function of local dimension in
three volume limited samples. The errors shown at the data points are the standard errors for the fitted values of dispersion.
We first study the effect of local density on the red and
blue fractions. We divide the galaxies into five different den-
sity classes based on their local density values. The different
density classes are defined in Table 3. The left, middle and
right panels of Figure 8 show the red and blue fractions of
galaxies for different density classes in three volume limited
samples. The left panel shows a clear increase in red fraction
with increasing density. A higher fraction of red galaxies are
observed for the brighter samples in the middle and right
panels of Figure 8. However the density dependence are less
pronounced in the brighter samples which indicates that the
brighter galaxies are intrinsically redder irrespective of the
density of their environments. This results may be related
to the fact that brighter galaxies have higher stellar mass,
which are mostly red in all environments (Bamford et al.
2009). Galaxies with lower luminosity have low stellar mass
which are known to be blue in low density environment and
red in high density environment. Our results are in good
agreement with Bamford et al. (2009).
We then compare the red and blue fractions across the
environments with different local dimension but at a fixed
local density. Figure 7 shows that at R2 = 10h−1 Mpc, the
lowermost density class η1 has an uniform coverage of local
dimension for all three volume limited samples. We consider
all the galaxies in this density class and plot the red and
blue fractions at different geometric environments for the
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three volume limited samples in Figure 9. Interestingly, the
red fractions still show a mild decrease with increasing local
dimension in each of the three panels of this figure. This
suggests that geometry of environment also plays a role in
deciding galaxy colour besides the local density. Unfortu-
nately, we can not carry out this test for all density classes
and all R2 values due to non-uniform coverage (Figure 7).
This analysis indicates that both local density and ge-
ometry of environments play a role in deciding the colours of
galaxies. The geometry and density dependence of red and
blue fractions shown in Figure 5 and Figure 8 are most likely
an outcome of the combined effects of density and geometry
which are difficult to disentangle.
4.5 Bimodality of the colour distribution in
different environments and luminosity
Galaxy colour is known to follow a bimodal distribution.
We fit the distribution of the u− r colour of galaxies using
a double Gaussian with a PDF,
f(x) = A1 exp
[
(x−µ1)2
2σ21
]
+A2 exp
[
(x−µ2)2
2σ22
]
(3)
where A1 = α1√2piσ1 and A2 =
α2√
2piσ2
are the amplitudes of
the two Gaussians. α1, α2 are the associated weights, µ1, µ2
are the means and σ1, σ2 are the standard deviations of the
two Gaussian components respectively. The usefulness of a
double Gaussian fit in modelling galaxy colour distribution
has been explored in a number of previous works (Balogh, et
al. 2004; Baldry, et al. 2006). This approach has an inherent
limitation due to the significant overlap of the two Gaussian
distributions. A more rigorous approach to overcome this
limitation is presented in Taylor, et al. (2015).
We plot the distributions of u− r colour in differ-
ent types of geometric environments on a length scale of
10h−1 Mpc for the three volume limited samples in different
panels of Figure 10. We fit each of these distributions using
a two Gaussian distribution (Equation 3). In each panel, the
left and right peaks of the bimodal distribution corresponds
to the blue and red galaxies respectively. We can clearly see
that at each luminosity, the distribution of red galaxies are
more sharply peaked than the blue galaxies in the geometric
environments with smaller local dimension.
The mean and dispersion of the distributions at each
geometric environment for the three volume limited sam-
ples are shown in Figure 11 and Figure 12 respectively. The
Figure 11 shows that the mean colour of both the red and
blue populations mildly decrease with increasing local di-
mension. At each geometric environment, the mean colour
increases with increasing luminosity. We do not find a clear
environmental trend for the dispersions in Figure 12. The
dispersion for the red population is smaller than that for
the blue population at each geometric environment. This is
consistent with the visual impression from Figure 10 men-
tioned earlier. The dispersions for the red and blue popula-
tions at each geometric environment respectively increases
and decreases with increasing luminosity.
The results of this analysis show that red galaxies pre-
fer to reside in geometric environments with smaller local
dimension. More luminous galaxies are found to be redder
as expected. These findings are consistent with Figure 5
which show a similar dependence of the red and blue fraction
on the local dimension and luminosity. Despite these vari-
ations across different environments and luminosities, the
valley which separates the blue and red distributions appear
around the same colour cut (u− r) = 2.22 used to separate
the two distributions. Finally, Figure 10 shows that the bi-
modal nature of the colour distribution is present across all
environments and luminosities.
We could not repeat this analysis for R2 = 40h−1 Mpc
and R2 = 70h−1 Mpc due to a relatively smaller number
of galaxies available at these environments on those length
scales.
5 CONCLUSIONS
We study the dependence of galaxy colour on different en-
vironments of the cosmic web using the data from SDSS
DR16. We analyze a number of volume limited samples with
different luminosity. We identify the galaxies in different en-
vironments by quantifying their local dimension on differ-
ent length scales and estimate the fraction of red and blue
galaxies in each environment for each of these samples. The
analysis shows that for a fixed length scale, the fraction of
red galaxies decreases with the increasing local dimension at
each luminosity. At a fixed length scale, the fraction of red
galaxies in each environment also increases with luminos-
ity. The environments with lower values of local dimension
are expected to represent denser regions of the cosmic web.
Also the more luminous galaxies are known to be hosted in
higher density regions (Einasto, et al. 2003b; Berlind, et al.
2005). These findings are consistent with the earlier studies
on the environmental dependence of galaxy colour (Hogg,
et al. 2004; Baldry, et al. 2004; Blanton, et al. 2005; Ball,
Loveday & Brunner 2008; Bamford et al. 2009). The ob-
served fraction of red galaxies thus depends on several in-
terdependent parameters such as local density, geometry of
environment and luminosity of galaxies. It is in general dif-
ficult to separate the role of these parameters in influencing
colours of galaxies.
We separately study the dependence of red fractions
on local density and find that the fraction of red galaxies
increases with density. The trend persists across all the lu-
minosity bins. The brighter samples host a higher fraction of
red galaxies at the same density. At a fixed density, we study
the fraction of red galaxies as a function of local dimension.
This helps us to decorrelate the effect of density and test
the effect of geometric environments on galaxy colours. We
find that the fraction of red galaxies still decreases with in-
creasing local dimension which suggests that geometry of
environments also plays a role in determining the colours
of galaxies. The effects of density and geometry are coupled
due to their mutual correlation which is difficult to separate.
A part of the density dependence of galaxy colours may arise
due to geometry of their environment and vice versa.
The present analysis do not identify separate structures
but only determine the geometric environment around a
galaxy. We estimate the local dimension on various length
scale ranges and consider only the best quality fits. So the
estimated local dimension on a given length scale charac-
terize the geometry of the environment of a galaxy on that
length scale. We can not establish a direct relationship be-
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tween the R2 values and the size of the environment but
it can be used as a proxy for their extent due to the in-
volvement of the length scale in the fitting method for local
dimension (Sarkar & Pandey 2019). At a fixed luminosity
and a fixed local dimension, the fraction of red galaxies in-
creases with R2. This indicates that the filaments and sheets
which extends to larger length scales, host a higher frac-
tion of red galaxies and a lower fraction of blue galaxies
than their smaller counterparts. The relative change in the
red fraction with the length scales is more pronounced in
the fainter samples than the brighter samples. This is re-
lated to the fact that the effects of luminosity dominates
in the brighter samples. The filaments and sheets extending
to larger length scales are expected to have a larger baryon
reservoir which must have started to form earlier (Zel’dovich
1970). These together would favour a higher accretion rate
and a larger stellar mass for the galaxies in these environ-
ments. A higher accretion rate sustained for a longer period
would exhaust the supply of gas in the surrounding envi-
ronment leading to a higher fraction of red galaxies. It may
be noted that a significant fraction of the red galaxies are
known to be spirals (Masters, et al. 2010) which reside in
filamentary and sheetlike environments of the cosmic web.
The distribution of galaxy colour in each environment
can be described by a double Gaussian. We find that the
mean colour of galaxies becomes redder with decreasing lo-
cal dimension of the host environment and increasing lumi-
nosity of the sample. The dispersions of the red and blue
distributions do not exhibit a clear trend with geometric en-
vironment. The results indicate that the environments with
lower local dimension favour the transformation from blue
to red galaxies. However the bimodal nature of the colour
distribution persists in all environments which suggests that
such transformations are allowed in all environments possi-
bly via different physical mechanisms.
Finally, we would like to emphasize that the colour of
a galaxy depends on the size of its host environment be-
sides density and luminosity. The present analysis shows
that the larger structures contain a higher fraction of red
galaxies and a lower fraction of blue galaxies. Superclusters
are known to have a sheetlike morphology with an interven-
ing filamentary environment (Costa-Duarte, Sodré & Durret
2011; Einasto, et al. 2011, 2017). Einasto, et al. (2014) re-
ported a higher fraction of red galaxies in filament-type su-
perclusters. It would be also interesting to study the abun-
dance and distribution of the red and blue galaxies in the
individual superclusters of different size. Further, the recent
studies with the Galaxy Zoo reveal that a large number of
red galaxies are massive spirals (Bamford et al. 2009; Mas-
ters, et al. 2010; Tojeiro, et al. 2013). Masters, et al. (2010)
find that the local density alone is not sufficient to explain
the colour of these galaxies. They reported that the massive
galaxies are red independent of their morphology.
The results of the present analysis suggests that if the
massive red spirals are hosted in larger filaments or sheets
then their colour may be explained by their embedding
large-scale environment which favours a higher accretion
rate leading to a larger stellar mass and consequently a
faster depletion of the surrounding gas reservoir. In future,
we plan to carry out such an analysis with the Galaxy Zoo
which would help us to better understand the role of the em-
bedding large-scale structures on the galaxy formation and
evolution.
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